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Abstract: This study introduces a rapid, volumetric live-cell imaging technique for visualizing
autofluorescent sub-cellular structures and their dynamics by employing high-resolution Fourier
light-field microscopy. We demonstrated this method by capturing lysosomal autofluorescence in
fibroblasts and HeLa cells. Additionally, we conducted multicolor imaging to simultaneously
observe lysosomal autofluorescence and fluorescently-labeled organelles such as lysosomes and
mitochondria. We further analyzed the data to quantify the interactions between lysosomes and
mitochondria. This research lays the foundation for future exploration of native cellular states and
functions in three-dimensional environments, effectively reducing photodamage and eliminating
the necessity for exogenous labels.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Imaging cell autofluorescence is crucial for understanding cellular structures and functions, as it
allows researchers to visualize naturally occurring fluorescent molecules within cells without the
need for exogenous labeling [1,2]. To date, various endogenous fluorophores, such as porphyrins,
flavins, NAD(P)H, lipofuscin, and ceroid pigments, have been identified as responsible for
cellular autofluorescence [3—5]. As a result, non-invasive probing of these autofluorescent
signals minimizes potential perturbations to the native cellular state, gaining us more accurate
observations and insights into the cellular metabolism, oxidative stress, and other translational
implications [6-8].

In particular, fluorescence microscopy has been one of the major driving forces for investigating
autofluorescence-relevant biological processes [1,9]. However, unlike exogenous fluorescent
probes, the intensity and specificity of autofluorescence can be highly variable and heterogeneous,
making the autofluorescent signals challenging to distinguish from the cellular space [10].
For instance, conventional epi-fluorescence systems have difficulty visualizing volumetric
autofluorescent signals due to the lack of optical sectioning [11]. Confocal or two-photon
laser-scanning microscopy offers improved sectioning and 3D ability, but the scanning process
can be slow and may cause photodamage for capturing delicate autofluorescent signals [12].
In contrast, light-sheet microscopy provides effective optical sectioning without significant
photobleaching and altered physiology of living cells [13,14], but the scanning mechanism may
remain suboptimal for recording fast-moving molecules due to the inadequate volumetric time
resolution.

Alternatively, the emergence of light-field microscopy (LFM) suggests a promising approach to
fast, 3D imaging of autofluorescent molecules. LFM allows for the computational reconstruction
of the volume of a biological specimen using a single camera frame [15]. Recent advancements
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in Fourier LFM (FLFM, or XFLFM, i.e., extended LFM) have addressed the inherent uneven
sampling of optical signals in traditional LFM, resulting in significantly improved volumetric
image quality and computational efficiency [16—18]. Specifically, compared to conventional
fluorescence microscopy, both the conventional and Fourier light-field strategies have been
demonstrated particularly advantageous for live-cell imaging with subcellular, milliseconds
spatiotemporal resolution [19-21].

Hence, the light-field approach holds great potential for rapid, single-shot, and scanning-free
imaging of autofluorescence and associated dynamic cellular processes while minimizing photo-
damage per volumetric acquisition compared to other fluorescent microscopy methods. In this
study, we advanced an FLFM-based approach for live-cell autofluorescence imaging. Specifically,
we demonstrated lysosomal autofluorescence in fibroblasts and HeLa cells. Additionally, we
conducted multicolor imaging and analysis to concurrently observe autofluorescent particles
within lysosomes and their interactions with fluorescence-labeled organelles such as mitochondria.
We expect this research to pave the path for future investigations of native cellular states and
functions in 3D environments with minimum photodamage and invasiveness.

2. Methods

2.1. Experimental system and volumetric reconstruction

The system was constructed on the basis of our recently developed high-resolution Fourier
light-field microscope (HR-FLFM) [19,21]. In brief, the setup utilizes an epi-fluorescence
microscope (Nikon Eclipse Ti2-U) equipped with a 100X, 1.45 NA objective lens (Nikon CFI
Plan Apochromat Lambda 100x Oil) and multicolor laser lines (561 and 488 nm, MPB) (Fig. 1(a)).
Fluorescent emissions were collected using a quad-band dichroic mirror (ZT405/488/ 561/647,
Chroma) and a corresponding emission filter (ZET405/488/561/647 m, Chroma). The native
image plane (NIP) of the objective lens was Fourier transformed using a Fourier lens (fg, =275
mm, Thorlabs). The microlens array (MLA, pitch d = 3.25 mm, f-number = 36, fyi, = 117 mm,
RPC Photonics) was placed on the conjugated pupil plane of the system, forming three elemental
images by the corresponding microlenses on an sSCMOS camera (ORCA-Flash 4.0, physical pixel
size Pcam = 6.5 um, Hamamatsu).

Time-lapse sequences with an exposure time of 250 ms were collected to capture single-color
images of the autofluorescent signals. For two-color imaging of lysosomal autofluorescence
and fluorescently-labeled lysosomes or mitochondria, an acousto-optic tunable filter (AOTF)
was controlled by a Python script to switch two laser lines on and off alternatively. Camera
acquisition was synchronously triggered while the laser remained on. This permits FLFM to
capture the dynamics and interactions of organelles from two channels (Fig. 1(b)). To process
the images, raw light-field images were initially background-subtracted and processed with a
lab-written ACsN denoising framework [22], an essential step for the successful reconstruction
of relatively weak autofluorescent signals.

To reconstruct the 3D volume from a 2D light-field image, a wave-optics-based Richard-
son-Lucy algorithm was used through 20 deconvolution iterations between the elemental images
and the 3D PSF of the system [23]. In principle, this method acquires the volume by iteratively
conducting a forward projection (HI(()k)), which projects the 3D object onto the 2D camera plane,
and a backward projection (H'I¢), which takes the inverse process:

1Y = diag{diag{HTHI\) Y (HT 1)y

where I(gk) represents the k 7 calculated volume, Ic represents the camera image, and the
measurement matrix H is determined by the PSF. A hybrid PSF method was implemented, which
calibrated the position of numerically simulated PSF with the information of experimental PSF
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Fig. 1. Multicolor, high-resolution Fourier light-field microscopy for autofluorescence
imaging. (a) Experimental setup for the two-color HR-FLFM system, implemented with
561-nm and 488-nm laser lines. The sample is acquired by an objective lens (OL) and a tube
lens (TL), forming its image at the native image plane (NIP). The Fourier lens (FL) transforms
the NIP to its back focal plane, where a microlens array (MLA) is placed. The MLA produces
light-field elemental images recorded by an sSCMOS camera. DC, dichroic cube; M, mirror;
CAM, camera. (b) Laser illumination is controlled by an acousto-optic tunable filter (AOTF)
using a Python script. Camera acquisition is synchronously triggered with laser illumination.
A hybrid point-spread function (PSF) is collected from three elemental images within an
axial depth range from -5 pm to 5 um for the volumetric reconstruction of the light-field
signals. AF, autofluorescence.

to enhance image quality [21]. The 3D reconstruction algorithm is available through our GitHub
repository (https://github.com/ShuJialLab/HR-FLFM).

2.2. Materials and sample preparation

The imaging experiments were performed with HeLa cells (#93021013, Sigma-Aldrich) and
fibroblasts. Both cells were maintained at 37°C and in a 5% CO, atmosphere. The HeLa cells
were cultured in Dulbecco’s modified Eagle medium (DMEM, #10-013-CV, Corning) with 10%
fetal bovine serum (FBS, #35-011-CV, Corning) and 1% Penicillin-Streptomycin (Pen-Strep,
#15140-122, ThermoFisher). The culture medium for fibroblasts was made of DMEM (#11965-
084, ThermoFisher) with supplements of 10% FBS (#35-011-CV, Corning), 1% GlutaMAX
(#35050061-050, ThermoFisher), 1% MEM Non-Essential Amino Acids (MEM NEAA, #11140-
050, ThermoFisher), 1% Antibiotic Antimycotic solution (#15240-096, ThermoFisher) and extra
additive of 4 mg/mL AlbuMAX II (#11021029, Thermofisher).

For single-color autofluorescence imaging, the cells were removed from their medium and
then washed using Hank’s Balanced Salt Solution without phenol red (HBSS, #21-022-CVR,
Corning) for two times before imaging in FluoroBrite DMEM (#A 1896701, ThermoFisher).
For multicolor imaging, the labeling of mitochondria was done by incubating the cell sample
in a culture medium loaded with 100 nM MitoTracker Green FM (M7514, ThermoFisher) for
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20 min at 37 °C and 5% CO,. After the incubation, the staining solution was removed, and
the cells were thoroughly washed (2 times with HBSS) before being imaged in FluoroBrite
DMEM #A1896701, ThermoFisher) with additional 10 mM glucose (G7528-250 G, Sigma).
For fluorescent labeling of lysosomes, cells were incubated in a culture medium loaded with
50 mM LysoTracker Green FM (L7526, ThermoFisher) for 30 min at 37 °C and 5% CO,. The
washing and imaging protocols were the same as above.

3. Results

3.1.  Imaging lysosomal autofluorescence in living HelLa cells and fibroblasts

Lipofuscin and lipofuscin-like pigments are endogenous biomolecules exhibiting a fluorophore-
like activity [4]. As the aggregation of undigested cell materials, lipofuscin is accumulated
within lysosomes, preferentially within postmitotic cells such as neurons, cardiomyocytes, and
other senescent cells [24,25]. In this work, we first imaged the autofluorescence generated
from lipofuscin in living HeLa cells and fibroblasts. In particular, under the 561-nm excitation
[26,27], autofluorescent signals were clearly observed in the cytoplasm (Fig. 2(a)), and the
reconstructed 3D volume displayed discrete subcellular granular structures across a depth
range > 4 um (Fig. 2(b,c)). Notably, the ACsN restoration facilitated the viable recovery of
the volumetric details, which were otherwise restricted by the low signal-to-noise ratio of the
autofluorescent images. The single-shot, volumetric property of the light-field approach allows for
minimum volumetric photodamage on the cells, enabling continuous observation and 3D tracking
of the dynamic processes of the lipofuscin granules over tens of seconds without noticeable
photobleaching (Fig. 2(d,e)). Furthermore, the reconstructed autofluorescent images exhibited
full width at half maximum (FWHM) values of ~400 nm and ~700 nm in the lateral and axial
dimensions, respectively (Fig. 2(f)), consistent with the convolution of the known lipofuscin size
(~0.5 um [28]) with the 3D resolution (400-600 nm) of the HR-FLFM system [21].

3.2. Imaging lysosomal autofluorescence and labeled lysosomes in living fibroblasts

Next, to verify the lysosomal origin of the observed autofluorescence, as reported in previous
studies [4,25], we stained fibroblasts with Lyso-Tracker and excited them with 488 nm and 561 nm
lasers. We ensured no interference between the two channels by employing a custom-written
Python script that regulated the AOTF and, thus, the sequential laser illumination (Fig. 1(b)).
We set the camera exposure time to 250 ms, with each laser channel receiving an illumination
time of 450 ms, followed by a 200-ms interval to allow for minimum but sufficient transfer time
from the computer to the hardware. Our results demonstrated that lipofuscin granules were
predominantly co-located within lysosomes, as observed from their reconstructed 3D images
(Fig. 3(a)). Notably, the system was capable of capturing the concurrent motion of labeled and
intrinsic signals, exhibiting a strong correlation between lysosomes and lipofuscin granules in the
x (r=0.96,p<0.01),y (r=0.90, p<0.01) and z (r=0.90, p < 0.01) dimensions (Fig. 3(b-e)).
As an essential characteristic desirable for autofluorescent imaging, the single-shot property
of the system allows for the continuous observation of the autofluorescent lipofuscin for more
than tens of seconds with minimal photodamage, capturing the lipofuscin particles moving at
an average speed of 0.38 pm/s (Fig. 3(f)). With the ability to accurately visualize and track
lipofuscin granules within lysosomes in living cells, this research enables a better investigation
of the dynamics of lipofuscin and its association with lysosomal function.

3.3.  Imaging mitochondria and lysosomal autofluorescence in living HelLa cells

The intricate interplay between mitochondrial and lysosomal functions is essential for main-
taining cellular homeostasis, and the dysregulation of both organelles has been implicated in
numerous diseases [29,30]. Recently, research on the lysosomal enzyme trafficking pathway
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Fig. 2. Imaging lipofuscin autofluorescence in living cells using HR-FLFM. (a) Overlay
of bright-field and epi-autofluorescent images of lipofuscin granules in living HeLa cells.
(b,c) Corresponding raw light-field image (b) and 3D max intensity projection (MIP) of
reconstructed volume (c). (d) Depth-color-coded stack projection across a 2-um range
of the 3D volume reconstructed from a time-lapsed light-field sequence of lipofuscin
autofluorescence in fibroblasts taken at a volume acquisition time of 250 ms. Insets display
the movement of the arrow-indicated granules in the dashed-boxed regions. (e) 3D tracking
of three exemplary lipofuscin granules marked by the arrows in (d) at the nanometer scale
over a 10-s course (time-color-coded). (f) Cross-sectional profiles of the autofluorescent
molecule along the dashed lines in the boxed region in (c), exhibiting FWHM values of 0.43
um, 0.50 pm, and 0.72 pm in x, y, and z, respectively. Scale bars: 10 um (a-d).

and mitochondria-lysosome communication has gained considerable attention, underscoring the
pivotal role of lysosomes as a cellular nexus contributing to human health [31,32]. To facilitate
future insights into the inter-organelle interactions, we performed time-lapse experiments utilizing
dual-color HR-FLFM, in which fluorescently-labeled mitochondria and autofluorescent lipofuscin
particles were excited with the 488-nm and 561-nm lasers, respectively (Fig. 4(a,b)). The
reconstructed two-color images revealed the structural relationship of lipofuscin particles with
mitochondrial spheroids (Fig. 4(c)).

We then developed an algorithm to analyze the image results. Specifically, first, mitochondrial
positions were ascertained through thresholding and skeletonizing on the 3D reconstructed image
stacks (Fig. 4(d)). Next, the central positions of all lipofuscin particles in the corresponding
image stacks were determined and tracked over time (Fig. 4(e)) using a Fiji-plugin function (i.e.,
3D Maxima Finder [33]). Then, the 3D distances between the center of each lipofuscin particle
and the mitochondrial skeletons were then calculated based on the nearest neighbor search
(Fig. 4(f)) [34]. Notably, the nearest neighbors in the 3D space of the lipofuscin particles on the
mitochondrial skeletons differ from the results determined by 2D image projections, indicating a
more precise measurement with the 3D method (Fig. 4(f, inset)).
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Fig. 3. Imaging lipofuscin autofluorescence and fluorescently-labeled lysosomes in
living fibroblasts. (a) Two-color MIP of the 3D reconstructed volume of a fibroblast at t =0
s. The green color represents fluorescence from lysotracker-labeled lysosomes, while the red
represents lipofuscin autofluorescence. Inset shows the corresponding 2D wide-field image.
(b) Zoomed-in 3D images of the boxed region in (a) att=0s,2.65s,5.25,7.8s,10.4 s, 13
s. (c,d) Linear fitting of the x-coordinates (c), y-coordinates (d), and z-coordinates (e) of
the autofluorescent particle and the corresponding lysosome as marked by the white arrows
in (b). (f) 3D tracking of the autofluorescent particle and the corresponding lysosome as
marked by the white arrows in (b) over 13 s, exhibiting concurrent trajectories. The time
points are color-coded according to the color bar. Scale bars: 10 pm (a), 2.5 um (b).

The spatiotemporal resolution and volumetric ability of HR-FLFM allow for the continuous
acquisition of the positions of each lipofuscin granule in the 3D cellular space. By localizing
their positions relative to the mitochondria, distance variations between the two can be recorded
and visualized over time (Fig. 4(g)). The resulting distribution of inter-organelle distances, for
instance, was obtained from a HeLa cell containing 68 clusters of lipofuscin particles at 1 =0 s
(Fig. 4(h)). The distance distribution peaked at 0.66 um, and 97% of the lipofuscin particles
were located within a 2-um distance, corroborating prior studies that measured distances between
endo-lysosomes and mitochondria [35].

Furthermore, contact events between mitochondria and autofluorescent molecules can be
visualized by a heatmap exhibiting the temporal changes in distance from 68 identified lipofuscin
particles to their nearest mitochondrial neighbors (Fig. 4(i)). In particular, the system allowed
for observing the events in detail from the 3D rendering of a magnified area segmented
from the reconstructed series of volumes (Fig. 4(j)). Our method offers the 3D volumetric
identification of autofluorescent lipofuscin particles as effective biomarkers for lysosomal
and mitochondrial activities [27,36]. Future research may combine dynamic imaging with
super-resolution techniques to determine mitochondria-lysosome contacts at various functional
endpoints, ultimately offering valuable insights into the distribution and dynamic crosstalk
between these two crucial organelles [37,38].
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Fig. 4. Imaging lipofuscin autofluorescence and fluorescently-labeled mitochondria
in living HeLa cells. (a,b) Color-coded stack projection across a 2-um depth range of
the 3D reconstructed volume of fluorescently-labeled mitochondria (a) and lipofuscin
autofluorescent particles (b) in HeLa cells at t=0s. (c) Merged two-color MIP image
of the reconstructed mitochondria (green) and lipofuscin particles (red) at t=0s. (d,e)
Color-coded skeletonized mitochondrial image stack projection (d) and the 3D central
position of each lipofuscin particle, as marked by red dots in (e), are used to calculate the
distance between the lipofuscin particles and mitochondria. (f) Zoomed-in image of the
boxed region in (d), with the 3D position of each lysosome (depth-color-coded, marked ‘x”)
mapped onto the mitochondrial skeleton. The nearest point on the neighboring mitochondria
of a lysosome is marked in white dots, and connecting lines from the point to the lysosome
are marked in cyan. Inset shows the zoomed-in image of the boxed region, with the white
arrows pointing to lipofuscin particles and white dots indicating their nearest neighbors on
mitochondria in the 3D space, compared to the less precise nearest neighbors derived based
on 2D analysis. (g) Visualization of the lipofuscin particle movement with respect to the
mitochondria over the time course. Trajectories of the lipofuscin particles at each frame were
color-coded according to the color scale bar. (h) Distribution of the 3D distance between the
68 segmented lipofuscin particles and mitochondria. (i) Heatmap of the distance variation
between lipofuscin particles and mitochondria for every particle (n) over the time course (t).
Each pixel on the heatmap indicates the distance based on the color bar. (j) Two-color MIP
of the 3D reconstructed volumes from the time-lapse recording of mitochondria (green) and
lipofuscin (red). An example contact event is illustrated with mitochondria and lipofuscin
marked with blue and white circles, respectively, displaying the distance variation over 5 s.
Scale bars: 10 um (a-d), 20 pm (e,f), 2 um (), 1 pm ().
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4. Conclusion

We have demonstrated high-resolution light-field imaging for studying intrinsic autofluorescent
signals of living cells. This system enables scanning-free, single-shot, and sensitive recording
of moving autofluorescent molecules in the 3D cellular space. Our method was employed to
observe lysosomal autofluorescence, offering an additional channel for monitoring inter-organelle
communication in both stained and unstained cells. The approach provides a quantification
protocol to facilitate future investigations into the intricate interactions between multiple organelles
[31]. This platform, based on an epi-fluorescence microscope, can be integrated with other
imaging modalities, such as light-sheet microscopy, to enhance image quality and isotropic
resolution [39,40], various live-cell imaging protocols [41], and imaging flow cytometry and
machine learning [42], to further enhance the applicability, 3D image throughput, and analysis.
We anticipate the approach to minimize perturbation to living cells and foster a comprehensive
understanding of cellular physiology, functions, and diseases.
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